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APPENDI X J
DYE TRACER TECHNI QUE TO ESTI MATE MEAN RESI DENCE
TI ME AND HYDRAULI C EFFI Cl ENCY
J-1.  Fluorescent Dyes.
a. General. Determnation of retention time of ponded water is an

i nportant aspect of containnent area design for retention of solids. Dye
tracer studies may be undertaken to provide retention tinme data for better
operation or managenent of existing dredged material containment areas. Var-
ious artificial tracers have been used to generate inflow and settling data
characteristics. Radi oactive tracers are effective; however, their use

invol ves troubl esome special handling and safety precautions. Conmercially
produced fluorescent dyes are easier and safer to handle and have been used
extensively in inflow studies. Fluorescent materials used in tracing are
unique in that they efficiently convert absorbed light into emitted light with
a separate characteristic spectrum Using the proper |ight source and fil-
ters, a fluoronmeter can neasure small ampunts of fluorescent nmaterial in a
sample, Thus, when a fluorescent dye is mxed with a given parcel of water,
that parcel may be identified and traced through a water system The nean
residence tine and the amount of mixing of the water parcel in the systemcan
be quantified by nmeasuring the tine variation of dye concentrations of the
water |eaving the system

b. Physical-Chemical Considerations. For a given fluorescent dye, the
interaction of the dye with surrounding environmental conditions should be
considered. Use of a dye in nature's water normally is not affected by cheni-
cal changes. However, if the dye were to be used in waters having high chlo-
ride concentrations, the dye loss could be significant. Photochenical decay
of dye concentration nust al so be considered when planning a dye tracer study.
Factors influencing photochem cal decay are light intensity, cloud cover,
water turbidity, and water colum depth. O her physical-chenical inpacts on
dyes are related pH tenperature, and salinity. Under acidic conditions,
adsorption occurs nore strongly, resulting in a reduction in fluorescence. A
general rule of thunb on tenperature inpacts is that fluorescence decreases
5 percent for every 2° C increase in tenperature. Tests have shown that dye
decay occurs at a slower rate under saline conditions (7.02 netres sodi um
chloride solution) (item 30). Additional guidance for designing dye tracer
studi es and details of physical-chemcal effects on dyes are found in itens 1,
28, 11, 36, 30, 39, 38, and 8.

c. Dye Types. Fluorescent dyes have been used since the early 1900's.
Several have been devel oped and used with varying degrees of success in the
tracing of surface and ground waters. Smart and Laidl aw (item 30) eval uated
ei ght dyes: Fluorescein, Rhodanm ne B, Rhodami ne WI, Sul pho Rhodanine B
Li ssami ne FF, Pyramine, Anino G Acid, and Photine CU Rhodamne B is stable
in sunlight, but it is readily adsorbed to sedinments in water. Rhodam ne WI
was devel oped specifically for water tracing and is recommended for such rou-
tine use.
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J-2.  Measurenent Techni ques.

a. Theory of Operation. Unlike sophisticated and conplex anal ytica
| aboratory spectrofluorometers, filter fluoroneters are relatively sinple
instruments. Basically, filter fluorometers are conposed of six parts: a
light (excitation energy) source, a primary or "excitation" filter, a sanple
conpartnent, a secondary or "enmittance" filter, a photomultiplier, and a read-
out device

(1) Wen a fluorescent naterial is placed in a fluoroneter, that spec-
tral portion of the light source that coincides with the peak of the known
excitation spectrumof the test material is allowed to pass through the pri-
mary filter to the sanple chanmber. This energy is absorbed by the fluorescent
material, causing electrons to be excited to higher energy levels. In return-
ing to its ground state, the fluorescent material emts |light that is always
at a longer wavel ength and | ower frequency than the |light that was absorbed.

It is this property that is the basis of fluorometry, the existence of a

uni que pair of excitation and emnission spectra for different fluorescent nate-
rials. Finally, only a certain band of the emtted light, different fromthat
used for excitation, is passed through the secondary filter to the photomnul -
tiplier, where a readout device indicates the relative intensity of the |ight
reaching it. Thus, with different light sources and filter conbinations, the
fluoroneter can discrimnate between different fluorescent materials,

(2) The selection of light sources and filters is crucial since they
determine the sensitivity and selectivity of the analysis. Fluoronmeter manu-
facturers recommend and supply lanmps and filters for nost applications,

i ncluding Rhodam ne WI applications.

(3) Two types of fluorometers are in conmon field use today. The stan-
dard instrument used in water tracing by many groups, including the USGS
(Item 38), has been the Turner Mdel |1l manufactured by G K Turner Associ-
ates. Turner Designs has capitalized on recent advances in electronics and
optics and devel oped a fluoroneter, the Mddel 10 series, that is better
adapted to field use than the Turner Mdel 111, but is also nmore expensive

b. Field Use. Once a fluoroneter is calibrated, it nust be decided
where and how field sanples will be analyzed--in situ or in a |aboratory, con-
tinuously or discretely. During in situ analysis, the operation of the fluo-
roneter in flowthrough node (where water froma given discharge point in the
contai nnent area is punped continuously through the sanple chanber in the flu-
oroneter) is advantageous over its operation in cuvette node (where a discrete
sanple is analyzed). Specifically, in situ flowthrough analysis allows the
honogeneity of fluorescence in the discharge to be easily observed, and elim -
nates the need for handling individual sanples. Also, during in situ flow
through analysis, a strip chart recorder can be attached to the fluoroneter
simplifying data collection by providing a continuous record of the fluores-
cence neasured. During laboratory analysis, however, the flowthrough system
is seldomused, since discrete sanples are honmpbgeneous and usually lack the
vol ume needed to fill the system Instead, the fluoroneter is operated in
cuvette nmpde, where only a small portion of a sanple is required for analysis.
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(1) Each method of analysis also has its inherent problens. Laboratory
anal ysis requires that discrete sanples be collected, bottled, |abeled, stored
inthe field, and then transported to the | aboratory; this introduces many
opportunities for sanples to be lost through m slabeling, msplacenent, or
breakage. Also, the frequency of sanpling may be insufficient to clearly
define the changes in dye concentration as a function of tine.

(2) In situ analysis, on the other hand, is usually performed under
adverse environnental conditions--often at a fast pace, in a cranped and
unsteady work space, or in less than ideal weather conditions. Thus, it is
nore likely that an error will occur during in situ analysis than during anal -
ysis in the controlled environnent of a laboratory. It is also usually neces-
sary to conpute and apply many nore tenperature correction factors to
fluorescence values during in situ analysis than during a laboratory analysis,
since the sanples to be analyzed in situ have not had a chance to reach a com
mon tenperature. This also increases the chances for error during analysis

In addition, in situ analysis is usually final. That is, if questions are
rai sed about the validity of a neasurenent after the analysis, no sanple is
available for verification. In situ analysis may not be used when significant

turbidity interference occurs.

(3) To minimze the risk involved in relying on either nmethod alone, a
conbination of the two may be enployed-- a prelimnary in situ analysis to help
guide the sanpling effort and a final |aboratory analysis to ensure accurate
results for quantitative analysis.

(4) Regardl ess of when and where fluoronetric analysis takes place, sev-
eral general precautionary neasures should be taken to ensure that the anal -
ysis is reliable

(a) The fluoroneter should be accurately calibrated.

(b) Sanple contamination should be avoided by rinsing or flushing the
sanmpl e chanber between readings.

(c) The fluoroneter operator should have experience with the instrunent
that is used. Experience can be gained through practice prior to the
anal ysi s.

(d) Sanple tenperatures should be observed and recorded during analysis
to determne the necessary fluorescence correction factors.

(e) Al information used to determ ne concentration units should be
recorded (i.e., scale and meter or dial deflection)

(f) The calibration should be checked on a regular basis (every hour or
so). This is especially inportant if the fluorometer is powered by a battery.
VWen the battery is drained, readings are no |onger accurate

(5) For flowthrough analysis in particular, all connections between the
sanpling hose, fluoroneter, and punp nmust be tight to prevent air bubbles from
entering the sanple chanber. Air bubbles may al so be introduced by a | eaky
punp seal. Thus, it is recommended that the punp be connected to the system
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so that water is drawn up through the fluorometer to the punp. A screen
placed at the intake end of the sanpling hose will prevent sand and pebbl es
fromaltering the optics of the system since they may scratch the glass in
the sanple chanber as they travel through the system

(6) When anal yzing sanmples in cuvette nmode, the optics of the system may
be distorted by scratches or snudges on the cuvette, making it necessary to
w pe the cuvette clean prior to its insertion in the sanple chanber. Once the
cuvette is inside the warm sanple chanber, a reading nust be nade quickly to
prevent warm ng of the sanple or condensation formng on the cuvette. Warning
of the sanple would cause a reduction in fluorescence, whereas condensation
woul d distort the system optics.

(7) A person who has handl ed dye should never touch the fluoroneter, or
should use rubber gloves to handle dye and then discard them Extrenely snal
traces of dye on cuvettes or sanple tubes can cause extrenely large errors.

J-3. Sanpl i ng.

a. Sanpling Equipnment. The basic equi pment needed to performa dye
tracer study includes the follow ng:

(1) Fluoroneters and accessories (filters, spare |anps, recorders,
cuvettes, and sanple holders). A spare fluoroneter should be included if
available, since the entire field study centers around its operation.

(2) Standard dye solutions for calibrating the fluoroneters.

(3) Generators or 12-volt deep-cycle marine batteries (with charger) to
power fluorometers and punps, if the dye concentration is to be nonitored
conti nuously.

(4) Sanpling equipnent--punp and hoses, automatic sanpler or discrete
sanpler (e.g., a Van Dorn sanpler), bottles, |abels, waterproof narkers.

(5) Tenperature-measuring device for neasuring sanple tenperatures, if
the tenperature of the sanples being analyzed will vary significantly.

(6) Dye, dilution vessels, and injection equipnent (e.g., bucket, punp
and hoses).

(7) Description and dimensions of the containment area and surveying
equi prent to neasure dinensions of the containment area

(8) Equipnent and records to determine the flow rate of the effluent
fromthe containment area (e.g., production records, dredge discharge rate
weir length, depth of flow over the weir, and head above the weir).

(9) M scellaneous equipnent (e.g., life jackets, tool kits).

(10) Data forns.
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Addi tional equipnent mght include caneras, radios, rope, and lights. Al
equi pnent shoul d be checked for proper performance prior to transporting to
the field.

b. Preparatory Tasks.

(1) Prior to conducting the dye tracer study, the average discharge rate
at all points of discharge fromthe contai nment area shoul d be neasured or
estimated. Equi pnent should be prepared, calibrated, and installed to neasure
or estimate the discharge rate during the dye tracer study. If production
records are to be used to estimate the discharge, the discharge should be cor-
related to production. The average discharge rate, Q , is equal to the sum of
the average discharge rate at each discharge point, q.

(2) A survey of the containment area should be performed to determ ne
the area, depth, and volunme of ponding, V, , at the site for determnation of

the theoretical residence tine, T . The volune can be estimated from
as-built or design drawings of the site, but the depth of fill and ponding
should be verified in the field if an accurate estinate of the hydraulic effi-
ciency is to be determined fromthe dye tracer study. The ponded volume is
needed to estimate dye requirenents. An accurate determ nation of the vol une
is not needed to determine only the nmean residence tine.

(3) Using the average discharge rate and the ponded vol ume, the theoret-
ical residence tine of the site should be conputed to plan the duration of the
dye tracer study and to determne the hydraulic efficiency.

T =V /3 (J-1)

(4) The background fluorescence should be neasured at the site. Back-
ground fluorescence is the sumof all contributions to fluorescence by mate-
rials other than the fluorescent dye. The best nethod to determine the
background fluorescence is to neasure the fluorescence of the discharge from
the site several times prior to addition of dye at the inlet. If the back-
ground fluorescence is expected to be variable, the fluorescence of superna-
tant fromthe influent should be neasured before and during the dye tracer
study. The fluorescence of the water at the dredging site should not be used
as the background fluorescence since some of the sedinent that is mxed with
the site water may remai n suspended and exhibit fluorescence. Simlarly, the
sediment may rel ease or adsorb fluorescent materials that would alter the flu-
orescence of the site water.

(5) The effect of turbidity on the nmeasurement of fluorescence should be
exam ned to determ ne whether the discharge sanples should be filtered prior
to measuring their fluorescence. Turbidity will reduce the fluorescence by
absorbing and scattering the light fromthe fluorometer lanmp. Filtering is
necessary only when sanples are highly turbid or when the turbidity varies
significantly. The effect of turbidity can be tested very sinply. A sanple
of the discharge is divided in half, and a small anount of dye is added to one
of the portions. The fluorometer is blanked or zeroed on the portion without
dye in it, and the fluorescence of the portion containing dye is neasured
Next, both sanples are filtered or centrifuged to renove the turbidity. The
process is then repeated using the filtrates or supernatants--blanking the
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fluoronmeter on the portion without dye in it and measuring the fluorescence of
the portion containing dye. If the neasured fluorescence of the sanple
without turbidity differed fromthe measured fluorescence of the sanple with
turbidity, then it is evident that turbidity affected the analysis. Alterna-
tively, distilled water could be used as the blank when the turbidity or the
background fluorescence is expected to vary significantly during the study.

c. Dye Dosage Requirenents

(1) Dye is usually released instantaneously as a slug in studies per-
formed to neasure the nmean residence time or hydraulic efficiency of a basin
The dye marks a snmall parcel of water that disperses as the parcel passes
through the basin. Ideally, the dispersion in a settling basin is kept very
low, and the parcel nobves as a slug through the basin by plug flow In prac-
tice, the net flowthrough velocity is very low, sufficiently low that the
parcel would nove by plug flow in the absence of external forces. However,
contai nnent areas are subject to wind forces that transformthe basins into
partially m xed basins where the velocities induced by wind are nuch greater
than the net flowthrough velocity. Consequently, the flow through the basin
nmore closely represents conpletely mxed conditions than plug flow conditions.
Therefore, the dye requirenents are determ ned based on the assunption that
the dye is conpletely mixed in the basin rather than |ongitudinally dispersed.

(2) A typical dye tracer curve for a dredged material containnent area
shown in Figure J-1, shows a residence tinme distribution that is characteris-
tic of a partially mxed basin. Dye appears quickly at the discharge point at
time t; , and then shortly thereafter the peak concentration is discharged at

time t, . After the peak concentration reaches the discharge point, the dye

concentration quickly decreases to about 30 to 60 percent of the peak concen-
tration, depending on the wind and the theoretical residence tinme of the

basi n. The dye concentration then gradually decreases until all of the dye is
finally discharged of tinme t; . The mean residence tinme and theoretical res-

idence tinme are shown in the figure as t and T , respectively. The resi-
dence time distribution indicates that some of the water short-circuits to the
di scharge point before the dye is conpletely m xed throughout the contai nnent
area. However, the dye becones well m xed soon after the peak concentration
is discharged, and then the dye concentrati on decreases gradually (instead of
rapidly as it did before being conpletely mxed) to zero.

(3) Before deternmining the dye dosage requirenents for a study, a stan-
dard calibration curve should be devel oped for the dye and the fluoroneters to
be used. This consists of plotting the fluorometer response for at |east five
known concentrations of dye. The design dye concentration is based on the
ability to measure the dye concentration accurately for the length of the
study, while not exceeding the maximm fluoroneter response or excessively
coloring the water.

(4) The dye dosage requirements are based on achieving an initial con-
centration of 30 parts per billion in a conpletely m xed basin. This concen-
trati on of Rhodam ne WI corresponds to 30 percent of the full scale deflection
of many commonly used fluoroneters. Wth this quantity of dye, the peak
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concentration will generally be |less than 100 parts per billion (or 100 per-
cent of the maxi mum fluoronmeter response) except for very small containment
areas (<15 acres) or for areas with very bad channeling and short-circuiting.
Since the peak concentration may exceed the capacity of the fluoroneter, dis-
crete sanples should be taken during the period when the peak concentration is
bei ng discharged. These sanples may be diluted to neasure the peak
concentration

(5) The dye dosage requirenents are conputed as foll ows:

Dye Dosage, |b = 0.00272 (C, ppb) (V, , acre-ft) (J-2a)
=6.24 x 10° (G, ppb) (V, , cu ft) (J-2b)
= 2.21 x 10°° (C, ppb) (Vs litres) (J-2c)

wher e
C, = desired dye concentration (generally 30 parts per billion for
Rhodam ne W)
V, = ponded vol ume

Dye Dosage = quantity in pounds of pure dye to be added to con-
tai nment area

(6) Fluorescent dyes are not generally produced at 100 percent strength.
Rhodamine WI is typically distributed at 20 percent dye by weight. Conse-
quently, the quantity of manufacturer stock dye would be five times as large
as conputed in Equation J-2.

_ Dye Dosage (J-3)
Stock Dye Dosage =g ci—C ncentration

where the stock concentration is the fractional dye content by weight.
(7) The volunme of stock dye required can be conputed as foll ows:

Stock Dye Dosage (J-4)
Speci fic Weight

Vol umre of Stock Dye =

The specific weight of |iquid Rhodami ne WI dye at a concentration of 20 per-
cent by weight is about 1.19

d. Dye Addition. The dye should be added to the influent streamin
liquid formin a quantity and manner that is easy to manage. |If the dye cones
in solid form it should be dissolved prior to adding it. Solid dye is easier
to transport, but it is often inconvenient to dissolve at field |ocations.

The dye may be diluted to a volume that will ensure good mixing with the
influent stream but the quantity should not be so large that it takes nore
than about 5 or 10 minutes to add the dye. The dye may be punped into the
influent pipe or poured into the influent jet or pool. Geater dilutions
shoul d be used to ensure good mixing if the dye is to be poured into the
influent. Care nust be taken that the dye is distributed so that it flows
into the containnment area in the sanme manner that the influent does.
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e. Sanpling Procedures.

(1) Sanpling should be conducted at all points of discharge fromthe
cont ai nment area.

(2) The dye concentration nmay be neasured continuously at the discharge,
or discrete sanples may be collected throughout the test. Discrete sanples
nmust be taken when turbidity interference occurs, since the sanples nust be
filtered or centrifuged. Discrete sanples should be taken when the dye is
bei ng neasured continuously to provide a backup in the case of equipnent nal-
function and to verify the results of the continuous nonitor.

(3) The sanpling frequency should be scheduled to observe any signifi-
cant change in dye concentration (about 5 to 10 percent of the peak dye con-
centration). Sanmpling should be nmore frequent near the start of the test,
when dye starts to exit fromthe contai nment area, and when the peak dye con-
centration passes the discharge points. About 40 carefully spaced sanples
should clearly define the residence time distribution or dye tracer curve.

(4) The sanpling duration should be sufficiently long to pernmt the dye
concentration to decrease to 10 percent of the peak concentration or |ess.
For planning purposes, the duration should be at |east about 2.5 tines the
theoretical residence tine.

(5) The flow rate at all points of discharge fromthe containnent area
should be nmeasured. If the flowrate varies significantly (nore than 20 per-
cent of average), the flow rate should be nmeasured periodically throughout the
test. Production records may be used to provide an indication of the vari-
ability of the flow rate. The flow rate over weirs may be estimated by
neasuring the depth of flow over the weir and the length of the weir crest and
applying the weir formula for sharp-crested weirs:

Q = 3.3 LH'? (J-5)
or Q=26 Lh¥? (J-6)
wher e: Q= flowrate, cubic feet per second
L = weir crest length, feet
H = static head above weir crest, feet
h = depth of flow above weir crest, feet

J-4. Data Analysis

a. Data Reduction. The data should be tabulated in the follow ng form

Sanpl e Time from Fl ow Dye Concentration Ti e
Dye Addition Rat e Above Background I nterva
i t Q G Ati
Colum 1 is the nunber of the sanple, i . |f the dye concentration was noni-
tored continuously, discrete points on the dye concentration curve may be used
as sanples. Colum 2 is the tinme, t; , that elapsed between the time that

the dye was added to the influent and the sanple was taken fromthe effluent.
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Colum 3 is the flow rate, @Q , at the time that the sanple was taken. The
flowrate is needed only when the flowrate is not constant during the test.
Colum 4 is the dye concentration of the sanmple discounted for the background
fluorescence, G ; that is:

C:i = CSi - Cbi (J-7)
wher e
C, = dye concentration discounted for background
fluorescence of sample i
C; = neasured fluorescence of sanple
C,; = background fluorescence at tine t;

I f the background fluorescence does not vary, G, would be a constant and
may be elimnated fromthe expression for calculating G if the fluoroneter

is blanked or zeroed with the site water. Colum 5 is the interval of tine,

Ati , over which the sanple is representative of the results. The value of

this interval is one-half of the interval between the times when the sanples
i mediately preceding and following the sanple of interest were taken

t -t
i+l i-1
Ati = (J-8)
wher e
Ati = time interval over which sanple i is
representative
tip1 time when the follow ng sanple was taken
tiq~ time when the preceding sanple was taken

A data table is produced for each point of discharge.
b. Determination of Mean Residence Tine.

(1) After generating the data tables, the mean residence time is com

puted as foll ows:
E ts G5 @ Bty
E C; Q4 Aty
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wher e _
t = mean residence tine
n = total nunber of sanples
(2) If the flowrate is nearly constant throughout the test, the equa-
tion may be sinplified to:
n
E ti Ci Ati
- i=0
t - (J-10)
C, At,
1 1
i=0

(3) If the sanpling interval is constant (i.e., At, = constant) but the
flow rate is not constant, the equation may be sinplifietd To:

n

z;ticiqi

i=0
a (3-11)

C

t =

194
i=0

(4) If both the sanpling interva

and the flow rate are constant, the
equation may be sinmplified to:

= (J-12)

c. Determination of Hydraulic Efficiency.

(1) The hydraulic efficiency is the ratio of the nean residence tine to
the theoretical residence time where

Hydraulic Efficiency =

S

(J-13)
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(2) The correction factor for containnent area volume requirenents is
equal to the reciprocal of the hydraulic efficiency. This correction is
applied by multiplying the volume by the correction factor.

1

Hydraulic Efficiency (J-14)

Hydraulic Efficiency Correction
Factor for Volume Requirenents
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